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SegmentationLocalization of nanos (nos) mRNA to the posterior pole of the Drosophila oocyte is essential for abdominal
segmentation and germline development during embryogenesis. Posterior localization is mediated by a
complex cis-acting localization signal in the nos 3' untranslated region that comprises multiple partially
redundant elements. Genetic analysis suggests that this signal is recognized by RNA-binding proteins and
associated factors that package nosmRNA into a localization competent ribonucleoprotein complex. However,
functional redundancy among localization elements has made the identiﬁcation of individual localization
factors difﬁcult. Indeed, only a single direct-acting nos localization factor, Rumpelstiltskin (Rump), has been
identiﬁed thus far. Through a sensitized genetic screen, we have now identiﬁed the Argonaute family member
Aubergine (Aub) as a nos localization factor. Aub interacts with nosmRNA in vivo and co-puriﬁes with Rump
in an RNA-dependent manner. Our results support a role for Aub, independent of its function in RNA silencing,
as a component of a nos mRNA localization complex.niversity, Waltham, MA 02453,
l rights reserved.© 2010 Elsevier Inc. All rights reserved.Introduction
mRNA localization is a widespread mechanism used to achieve
intracellular polarity in diverse cellular and developmental contexts.
Over 1500 transcripts are localized to multiple distinct subcellular
locations in the early Drosophila embryo alone, representing approx-
imately 70% of all mRNAs expressed at this time (Lecuyer et al., 2007).
Thus, developmental processes require that localized mRNAs be
distinguished not only from uniformly distributed transcripts, but also
from mRNAs destined for other subcellular locations.
Four localized mRNAs involved in axial patterning within the
Drosophila oocyte — gurken (grk), bicoid (bcd), oskar (osk) and nanos
(nos) — have established a paradigm for studying the localization of
different transcripts to distinct regions within a cell. All four are
maternal mRNAs that are synthesized by the ovarian nurse cells, then
transported into the oocyte through connecting cytoplasmic channels.
During midoogenesis, grk mRNA is localized to the dorsal–anterior
regionof the oocyte,where it is translated toproduce a TGFα-like ligand
that signals to overlying somatic follicle cells to establish the
dorsoventral (D–V) axis (Neuman-Silberberg and Schüpbach, 1994).
Concurrently, osk mRNA localizes to the posterior pole, where its
translation is activated. Production of Osk protein is required to
maintain oskmRNA andprotein localization and to initiate the assemblyof the germ plasm, a specialized cytoplasm containing determinants for
germ cell formation and, ultimately, nos mRNA (Ephrussi et al., 1991;
Kim-Ha et al., 1991; Rongo et al., 1995; Vanzo and Ephrussi, 2002).
Transport of grk and osk mRNAs to their destinations is mediated
respectively bydynein and kinesinmotors and relies on the polarization
of the oocyte microtubule cytoskeleton that occurs earlier in oogenesis
(reviewed in Becalska and Gavis, 2009).
Although some bcdmRNA is localized to the anterior margin of the
oocyte during midoogenesis, the majority does not localize until late
stages of oogenesis, after the nurse cells have initiated apoptosis and
extruded or “dumped” their contents into the oocyte (Berleth et al.,
1988; Weil et al., 2006). It is also during this late phase of oogenesis
that nos accumulates within the germ plasm at the oocyte posterior
(Forrest and Gavis, 2003). Whereas bcd transport is dynein-depen-
dent, nos is localized passively, being dispersed throughout the oocyte
by the concerted streaming of the ooplasm that follows nurse cell
dumping, and trapped at the posterior by association with the germ
plasm (Forrest and Gavis, 2003; Weil et al., 2006). Localized bcd and
nos mRNAs function subsequently during embryogenesis to pattern
the anterior–posterior (A–P) axis, through the production of protein
gradients that emanate from the anterior and posterior poles
respectively. Bcd speciﬁes the development of head and thoracic
structures, andmutations that compromise Bcd activity or localization
disrupt anterior patterning (Driever and Nüsslein-Volhard, 1988). Nos
function is required at the posterior of the embryo for the formation of
the eight abdominal segments of the animal, and mutation of nos, or
disruption of nos mRNA localization, results in decreased abdominal
segmentation (Lehmann and Nusslein-Volhard, 1991; Wang et al.,
1994).
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contained in cis-acting localization elements, typically found in the 3'
untranslated regions (3'UTRs) of localized transcripts (Gavis et al.,
2007). These sequences are recognized by trans-acting localization
factors that are thought to recruit additional proteins to package
mRNAs into ribonucleoprotein (RNP) particles for transport to and
anchoring at target destinations. A number of localization factors have
been identiﬁed for bcd, osk and grk mRNAs (Kugler and Lasko, 2009)
but much less is known about the trans-acting factors involved in nos
mRNA localization. Traditional genetic screens have been unsuccess-
ful in identifying nos mRNA localization factors due to the complex
organization of the nos localization signal. The nos 3'UTR contains
four localization elements that play partially redundant roles in nos
localization (Gavis et al., 1996). The lack of sequence or structural
similarity between the nos localization elements suggests that each is
recognized by distinct localization factors that act in combination
to mediate localization (Bergsten and Gavis, 1999). However,
because no single element is necessary or sufﬁcient for wild-type
localization, eliminating a single localization factor is unlikely to result
in a phenotypically detectable nos localization defect. Supporting
this idea, mutations in the two identiﬁed nos localization factors,
Rumpelstiltskin (Rump) and Hsp90 cause minimal defects in nos
accumulation at the posterior pole (Jain and Gavis, 2008; Song et al.,
2007). Rump was identiﬁed biochemically by its ability to bind
directly to the nos localization signal; however, its requirement in nos
mRNA localization is only revealed when the nos localization signal
itself is compromised by deletion of two localization elements
(Jain and Gavis, 2008). Hsp90 was identiﬁed in a dominant modiﬁer
screen for nos localization factors using a similar compromised
localization signal and, like Rump, its requirement in nos localization
is only apparent under these sensitized conditions (Song et al., 2007).
How directly Hsp90 regulates nos localization remains unknown.
Here we describe the results of a new sensitized genetic screen for
additional nos localization factors and demonstrate that the repeat-
associated small interfering RNA (rasiRNA) pathway gene aubergine
(aub) plays a role in spatial restriction of nos mRNA. While aub has
previously been implicated in localization of osk mRNA (Cook et al.,
2004; Wilson et al., 1996), we show that the effect of aub on nos
mRNA localization is independent of its upstream effect on osk and the
rasiRNA pathway. Furthermore, we demonstrate in vivo interactions
between Aub, nos mRNA, and Rump, implicating Aub directly as a
novel nos mRNA localization factor.
Materials and methods
Fly stocks and genetics
The y w67c23 strain (Lindsley and Zimm, 1992) was used for wild-
type controls and generation of nos+1+3 transgenic lines. Deﬁciency
stocks consisted of deﬁciency kits covering chromosomal arms 2L and
2R (Bloomington). The following mutants and transgenic lines were
used: nosBN (Wang et al., 1994), aubQC42, aubHN2 (Schüpbach and
Wieschaus, 1991), squHE47 (Pane et al., 2007),mnkp6 (Abdu et al., 2002),
oskA87 (Jenny et al., 2006), nos-gal4-vp16; gfp-aub (Harris and
Macdonald, 2001), FM7i GFP (Bloomington), hsp83-MCP-GFP (Forrest
and Gavis, 2003), rump1 (Jain and Gavis, 2008). Unless otherwise
indicated, aubQC/ aubHN transheterozygotes were used as aub mutants
and aubQC/+ as heterozygotes. For mnk, aub double mutants, mnkp6,
aubQC42 and mnkp6, aubHN2 recombinant chromosomes were used in
trans-heterozygous combination (Klattenhoff et al., 2007).
Generation of the nos+1+3 sensitized background
The nos+1+3 transgene includes the nos 5'UTR and coding region
followed by the sensitized 3'UTR containing nucleotides 6-96 (the+1
element), 181-408 (the +3 element), and 548-786 of the nos 3'UTR(Gavis et al., 1996), inserted into pCaSpeR2. The transgene also
contains MS2 stem-loops for in vivo mRNA visualization, inserted
near the terminus of the 3'UTR; they do not affect the behavior of nos
mRNA (Forrest and Gavis, 2003). Transgenic lines were generated by
standard P element-mediated germline transformation (Spradling,
1986). Cloning details are available upon request.
Screening procedure
Each deﬁciency stock from the second chromosome kits was
crossed to generate Df/+; nosBN, nos+1+3/nosBN females from which
embryos were collected overnight on apple juice plates. Embryonic
cuticle preparation was performed as previously described (Crucs
et al., 2000). The average number of segments and the standard error
(SEM) were calculated using standard histogram distribution analysis
(Graphpad Prism).
In situ hybridization and immunostaining
Embryos were collected 0 to 2 h after egg laying and in situ
hybridization was performed as described (Gavis and Lehmann,
1992). Immunoﬂuorescent staining of embryos aged 3 to 5 h was
performed as previously described (Duchow et al., 2005) using rabbit
anti-Vas (1:10000; gift from R. Lehmann), Alexa Fluor-568 goat anti-
rabbit (1:1000; Molecular Probes) and DAPI (1:1000). For the analysis
of pole cell number, a z-series of each embryo, at 1.5 μm intervals from
the ﬁrst focal plane with a visible pole cell to the last, was taken with a
Zeiss LSM510 confocal microscope and 40×/1.3 oil objective, and
projections were generated using ImageJ (NIH).
Northern blot analysis
Total RNA was extracted from dechorionated 0–1.5 h old embryos
using TRIzol reagent (Invitrogen) and northern blotting was carried
out according to Bergsten and Gavis (1999). Quantitation of blots was
performed by phosphorimaging (Molecular Dynamics).
Immunoblotting
Immunoblotting of extracts from0–2 hold embryoswasperformed
as previously described (Forrest et al., 2004). Final antibody concen-
trations were: rabbit anti-Nos (1:1000; gift of A. Nakamura), rabbit
anti-Osk (1:3000; Vanzo and Ephrussi, 2002), mouse anti-Snf
(1:20000; gift of P. Schedl), and rabbit anti-Khc (1:30000; Cytoskel-
eton). Proteins were detected using the appropriate HRP conjugated
secondary antibodies and Lumi-Light Western Blot Substrate (Roche).
Quantitation was performed using an Alpha Innotech imager and
AlphaEase software (Alpha Innotech) or using ImageJ (NIH).
Immunoprecipitation
RNA co-immunoprecipitation and RT-PCR analysis were per-
formed as described (Jain and Gavis, 2008) except that extracts
were prepared from freshly dissected ovaries and immunoprecipita-
tion buffer contained 150 mM NaCl. RT-PCR analysis was performed
with primers for nos (Jain and Gavis, 2008), osk (5'-AATGGATCCAGT-
GTGCAGAAAATC-3' and 5'-AGCGAATGCTGTCACCTA-3') and his3.3b
(5'-GATTGATTCCGCATAAAGCGCG-3' and 5'-AAGGAGCACGGCGCAAC-
GTACA-3'). Protein co-immunoprecipitation using polyclonal anti-
GFP antibody (Abcam 290) was performed according to Kalifa et al.
(2009) except that fresh ovaries were used and extracts were pre-
incubated with Protein G Dynabeads (Invitrogen) for 1 h at 4 °C, then
applied to anti-GFP-coated Protein G Dynabeads (Invitrogen) for 1 h
at 4 °C. Samples were analyzed by SDS-PAGE and immunoblotting
with monoclonal anti-GFP (Clontech JL-8) and anti-Rump (5G4)
antibodies.
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Deﬁciency screen for nos mRNA localization factors
The nos localization signal is composed of four unique elements
designated as +1, +2', +3 and +4, no one of which is necessary or
sufﬁcient for wild-type nos mRNA localization (Gavis et al., 1996)
(Fig. 1A). To sensitize nos mRNA to the loss of a candidate localization
factor, we deleted the +2' and +4 elements resulting in a transgene
bearingonly the+1and+3 localizationelement sequences (nos+1+3;
Fig. 1A). When this transgene is introduced into nosBN females, the
transgenic nos+1+3mRNA is the only maternal nosmRNA expressed.
Because posterior localization of nos+1+3 mRNA is decreased relative
to wild-type nos mRNA (Fig. 2A), embryos produced by these females
exhibit reduced abdominal segmentation, forming an average of 6
of the 8 abdominal segments characteristic of wild-type embryos
(Fig. 1A and B). For simplicity,we refer hereafter to thismaternal genetic
background as nos+1+3 and the resulting embryos as nos+1+3
embryos. To identify novel nosmRNA localization factors, we performed
a deﬁciency screen of the second chromosome in the nos+1+3
background, reasoning that decreasing the dosage of a candidate
localization factor would further compromise nos localization and,
consequently, abdominal segmentation (Fig. 1A). A total of 18 of the 123
deﬁciencies tested produced a reduction of segment number to below a
threshold of 3 abdominal segments (Table 1). These included deﬁcien-
cies uncovering cappuccino (cap), chickadee (chic), staufen (stau),
valois (vls) and vasa (vas), all of which have previously been implicated
in patterning of the A–P axis (Hay et al., 1988; Lasko and Ashburner,
1988; Manseau and Schüpbach, 1989), validating the premise of the
screen.
One deﬁciency that reduced abdominal segmentation to an
average of 2.4 segments, Df(2L)BSC32 (Fig. 1B), is the subject of this
report. Of the 78 genes contained within this deﬁciency, we focused
on aubergine (aub), which had been previously identiﬁed in a screen
for heterozygous suppressors of the bicaudal phenotype produced by
misexpression of osk, and the consequent mislocalization of nosFig. 1. Identiﬁcation of aub as a nos mRNA localization factor. (A) Schematics of the
3'UTR of wild-type nos mRNA and the sensitized nos+1+3 transgene. The four
previously deﬁned localization signal elements are indicated, the black bar represents
the remainder of the nos 3'UTR. (B) Bar chart showing the average number of abdominal
segments in embryos fromwild-type females (8 segments, n=106), nos+1+3 females
(5.8 segments, n=332), and nos+1+3 females that are heterozygous for Df(2L)BSC32
(2.4 segments, n=70), aubQC42 (2.5 segments, n=64), aubHN2 (3.7 segments, n=145),
or squHE47 (6.2 segments, n=216). Df(2L)BSC32, aubQC42, and aubHN2 signiﬁcantly
reduce segment number in nos+1+3 derived embryos (*Pb0.0001). Error bars indicate
SEM.mRNA, at the anterior of the embryo. Although Osk protein is still
produced at the anterior when osk is misexpressed in embryos
heterozygous for aub mutations, nos mRNA is no longer ectopically
localized. To explain the requirement for aub, it was proposed that
Aub might regulate translation of factors acting downstream of Osk
to mediate nos localization (Wilson et al., 1996). The identiﬁcation of
a deﬁciency uncovering aub by our screen suggests that aub could
play a more direct role in nos mRNA localization. We therefore
examined whether the reduction in abdominal segmentation ob-
served in nos+1+3 embryos heterozygous for Df(2L)BSC32 is due to
the elimination of aub. Maternal heterozygosity for a strong aub
mutation (aubQC42/+; hereafter referred to as aub−/+ ) produced
similar results to Df(2L)BSC32 while heterozygosity for a weaker aub
allele (aubHN2/+) had an intermediate effect (Fig. 1B), suggesting that
elimination of aub function results in the effect of Df(2L)BSC32 on
abdominal segmentation.
More recently, Aub has been shown to be a member of the Piwi-
related Argonaute family of proteins involved in the repeat-associated
small interfering RNA (rasiRNA) pathway that silences retrotranspo-
sons in the germline (Kennerdell et al., 2002; Klattenhoff et al., 2007;
Savitsky et al., 2006; Vagin et al., 2004). Aub interacts physically with
Squash (Squ), a protein with nuclease homology that is involved in
rasiRNA biogenesis (Pane et al., 2007). In contrast to aub, heterozy-
gosity for a strong loss of function squ mutation does not reduce
abdominal segmentation of nos+1+3 embryos (Fig. 1B). This result
indicates that the observed decrease in nos+1+3 activity is speciﬁc to
aub and not a general effect of mutations in rasiRNA pathway
components.
aub affects nos mRNA localization
To determine if the effect of aub on abdominal segmentation in the
sensitized nos background is due to a defect in nos localization, we
investigated the distribution of nosmRNA in aub−/+ embryos. Wild-
type endogenous nosmRNA is localized to the posterior pole in these
embryos, indistinguishably from wild-type embryos (Fig. 2A and B).
However, localization of nos+1+3 mRNA, which is initially weaker
than wild-type nos, is further decreased when nos+1+3 embryos are
also aub−/+ (Fig. 2A and B), consistent with the observed decrease in
abdominal segmentation. Northern blot analysis conﬁrmed that the
total amount of nos+1+3 mRNA is comparable between the two
genetic backgrounds (Fig. 2C). Additionally, localization of bcd
mRNA to the anterior of the embryo is not disrupted, suggesting
that reducing aub activity does not generally affect A–P patterning
(Fig. 2D). Thus, these results suggest that aub plays a role in nosmRNA
localization, possibly acting redundantly with other nos localization
factors.
aub affects nos mRNA localization independent of osk and the Chk2
pathway
nos mRNA localization requires the prior localization and transla-
tion of osk at the posterior pole. In aub mutant ovaries, osk mRNA is
prematurely translated, suggesting that Aub plays a role in oskmRNA
silencing at early stages of oogenesis (Cook et al., 2004). Additionally,
during mid-oogenesis, localization of osk mRNA and accumulation of
Osk protein at the posterior of the oocyte is greatly diminished in aub
mutant ovaries (Cook et al., 2004; Wilson et al., 1996). This effect is
likely to be indirect, due to an earlier requirement for aub in the A–P
polarization of the oocyte microtubule cytoskeleton that is in turn
required for osk mRNA localization (Cook et al., 2004). However,
because Osk levels are altered in aub mutants, we investigated
whether the decreased localization of nos+1+3 mRNA in aub−/+
embryos could also be due to an upstream defect in osk regulation. In
aub−/+ embryos, osk localization appears wild-type (Fig. 3A) and
these embryos express wild-type levels of oskmRNA and Osk protein
Fig. 2. aub affects localization of a sensitized nosmRNA. (A, B) Localization ofwild-type nos or nos+1+3mRNAwas evaluated by in situ hybridization to embryos fromwild-type females
(WT), females heterozygous for aubQC42 (aub−/+) and nos+1+3 females heterozygous for aubQC42 (aub−/+; nos+1+3). A typical example of the nos RNA localization pattern in each
genotype is shown (A). Localization was classiﬁed as wild-type (+++), moderate (++), weak (+), or undetectable (−). Localization of wild-type nos is unaffected by heterozygosity
for aubwhereas localization of the nos+1+3 transgene is further compromised by reducing aub (wild-type, n=200; aub−/+, n=97; nos+1+3, n=305; aub−/+; nos+1+3, n=341).
(C) Northern blot of total mRNA isolated from embryos of the indicated genotypes, probed simultaneously for nos and for rp49 as a loading control. The blot was stripped and reprobed
for osk. The relative nos and oskmRNA levels for each sample pair, after normalization to rp49, are indicated below. (D) In situ hybridization to bcdmRNA in embryos fromwild-type or
aubQC/+ females. Heterozygosity for aub does not affect bcd mRNA localization.
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necessary to generate the germ cell precursors, or pole cells, at the
posterior of the embryo (Ephrussi et al., 1991; Kim-Ha et al., 1991;
Lehmann and Nusslein-Volhard, 1986). Pole cell formation is highly
sensitive to osk and a decrease in Osk protein levels of as little as 15%
results in a signiﬁcant reduction in pole cell number (Riechmann et al.,
2002). In aub−/+ embryos, the average number of pole cells is
equivalent to the wild-type number (30.2±6.7 versus 29.2±5.0;
Fig. 3C and D). Similarly, nos+1+3 and aub−/+; nos+1+3 embryos
have comparable numbers of pole cells (33.0±6.5 versus 29.8±5.7;
data not shown). Together, these results indicate that the loss of aTable 1
Deﬁciencies enhancing the abdominal segmentation defects of nos+1+3.
Deﬁciency Average segment number Cytological breakpoints
Control 4.58±1.79 –
Df(2L)dp-79b 2.48±1.22 22A2-3;22D5-E1
Df(2L)ed1 2.94±2.22 24A2;24D4
Df(2L)E110 2.75±0.97 25F3-26A1;26D3-11
Df(2L)Dwee1-W05 2.80±1.41 27C2-3;27C4-5
Df(2L)BSC32 2.41±1.22 32A1-2;32C5-D1
Df(2L)FCK-20 2.85±1.22 32D1;32F1-3
Df(2L)b87e25 1.67±0.67 34B12-C1;35B10-C1
Df(2L)r10 2.00±0.49 35D1;36A6-7
Df(2L)TW161 2.97±1.08 38A6-B1;40A4-B1
Df(2R)X1 2.70±0.78 46C;47A1
Df(2R)en-A 2.39±1.00 47D3;48B2
Df(2R)ED2222 2.07±0.65 47F13;48B6
Df(2R)BSC39 2.71±1.18 48C5-D1;48D5-E1
Df(2R)BSC44 2.32±1.09 54B1-2;54B7-10
Df(2R)BSC161 2.73±1.25 54B2;54B17
Df(2R)robl-c 2.71±0.94 54B17-C4;54C1-4
Df(2R)14H10W-35 2.90±1.05 54E5-7;55B5-7
Df(2R)or-BR6 2.00±1.38 59D5-10;60B3-8
The cytological breakpoints of each deﬁciency are provided according to FlyBase. The
average number of abdominal segments and the standard deviation are given for each
deﬁciency. +/CyO; nos+1+3 females were used as a baseline control. Only deﬁciencies
leading to an average abdominal segment number less than 3 are listed.
Fig. 3. osk regulation is unaffected in aub heterozygotes. (A) In situ hybridization to osk
mRNA in embryos from wild-type or aubQC/+ females. (B) Immunoblot of total protein
from wild-type and aubQC/+ embryos. After transfer, the membrane was cut at the
37 kDa marker. The top portion was blotted with anti-Osk, which recognizes both the
short and long Osk isoforms, and the bottom with anti-Snf as a loading control.
Quantitation of the blot showed that Osk expression is not affected by heterozygosity
for aub. (C) Confocal projections of anti-Vas immunoﬂuorescence (red) in wild-type or
aubQC/+ embryos. Nuclei are labeled with DAPI (blue). (D) Scatterplot of the number of
pole cells per embryo in wild-type (n=54) or aubQC/+ (n=31) embryos, with the
mean indicated by a horizontal bar. The average number of pole cells is not signiﬁcantly
different between wild-type (30.2±6.7) and aubQC/+ (n=29.2±5.0) as determined
by the Student's t-test.
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aub mutants affect microtubule polarization and osk mRNA
regulation by activating a DNA damage signaling pathway within
the germline mediated by mnk and mei-41, the Drosophila homologs
of Chk2 and ATR kinase, respectively. Double mutants between aub
and either mnk or mei-41 bypass the DNA damage response and
suppress the effects of aub on osk translation leading to wild-type
posterior accumulation of Osk protein (Klattenhoff et al., 2007). To
address whether aub similarly affects nos mRNA localization by
triggering the DNA damage response, we assessed Nos expression as a
quantitative measure of nos mRNA localization in embryos from aub,
mnk double mutant females. Embryos from aub mutant females
express minimal Nos protein, consistent with their diminished Osk
expression (Fig. 4A and B). While mutation ofmnk alone has no effect
on Nos or Osk levels, Osk expression is partially restored in aub, mnk
double mutant females (Fig. 4A). By contrast, Nos protein remains
largely undetectable in the aub, mnk double mutant extract (Fig. 4A).
To provide calibration for this assay, we determined the expected
relationship between Osk and Nos levels by monitoring nos and osk
mRNA localization and protein accumulation in embryos heterozy-
gous for oskA87, an RNA null mutation (Jenny et al., 2006). In oskA87/+
embryos, osk mRNA is present at 60% of the wild-type level resulting
in less osk localized at the posterior of the embryo (Supplemental
Fig. 1). Consequently, Osk protein accumulates to approximately 50%
of the wild-type level (Fig. 4C). The effect on osk is paralleled by a
decrease in posteriorly localized nos (Supplemental Fig. 1), with Nos
protein present at approximately 70% of wild-type levels (Fig. 4C).
This response of Nos, which is largely correlated with the behavior of
Osk, contrasts sharply with the complete failure of Nos to recover
when Osk levels are partially restored in aub−, mnk− embryos.
Together, these results demonstrate that aub affects Nos expression in
a manner independent of the DNA damage response and its effect on
osk localization. Moreover, they indicate that the nos localization
defect in aub mutant embryos cannot be accounted for solely by the
defect in osk localization, consistent with an osk-independent role for
aub in nos localization.Fig. 4. The effect of aub on nos is independent of the DNA damage response pathway. (A–C)
probed with either anti-Nos or anti-Osk antibodies. Each membrane was also probed with an
aub double mutant embryos. Nos levels are reduced in aub andmnk, aubmutant embryos. Th
mnk. (B) Extracts from wild-type or nosBN embryos, which lack nosmRNA, conﬁrming speciﬁ
wild-type or oskA87 heterozygous embryos, which contain half the wild-type level of oskmR
than Osk (70% versus 50% of wild-type levels, respectively).Aub forms a complex with nos mRNA and the nos localization factor
Rump in vivo
To determine whether Aub might directly act as a nos localization
factor, we performed co-immunoprecipitation experiments from
ovarian extracts to test the interaction of Aub with nos mRNA in
vivo. To facilitate Aub immunoprecipitation, we took advantage of a
transgenic line expressing a functional GFP-Aub fusion protein (Harris
andMacdonald, 2001). Following immunoprecipitation with anti-GFP
antibody, RNA was isolated and analyzed by RT-PCR using primers for
nos mRNA or for a control RNA (his3.3b). nos mRNA is detected in
immunoprecipitates from GFP-Aub ovary extract but not from control
extract of ovaries expressing GFP alone (Fig. 5A). Moreover, the
control his3.3b RNA is not detected in either of the immunoprecipi-
tates, indicating speciﬁcity of the interaction between Aub and nos.
Because Aub is implicated in silencing of oskmRNA early in oogenesis
(Cook et al., 2004), we also tested whether osk mRNA is co-
immunoprecipitated with Aub. RT-PCR with primers for osk mRNA
showed that this is indeed the case (Fig. 5A).
Co-immunoprecipitation of Aub with nosmRNA suggests that Aub
may be part of a nos mRNA localization complex. To further test this
hypothesis, we investigated whether Aub also interacts with Rump,
the only known direct-acting nos localization factor (Jain and Gavis,
2008). GFP-Aub or a control RNA-binding protein, MCP-GFP, that does
not bind to nos mRNA (Forrest and Gavis, 2003), was immunopre-
cipitated from ovary extracts using an anti-GFP antibody and the
immunoprecipitates were analyzed by immunoblotting with an anti-
Rump antibody. Rump is detected speciﬁcally in GFP-Aub immuno-
precipitates, but co-immunoprecipitation with GFP-Aub is abolished
if the extract is treated with RNase (Fig. 5B). This behavior indicates
that Aub and Rump do not interact directly; rather, they may be
incorporated into an RNP complex together via their interactions with
the same target mRNA.
To determine whether aub and rump function together in nos
regulation, we took advantage of a genetic assay previously used to
characterize Rump as a nos localization factor (Jain and Gavis, 2008).
Consistent with previous data (Jain and Gavis, 2008), embryos lackingImmunoblots of total protein extracted from 0–2 h embryos of the indicated genotypes,
ti-Snf or anti-Khc to control for loading. (A) Extracts fromwild-type,mnk, aub, andmnk,
e reduction in Osk levels observed in aubmutants is partially suppressed by eliminating
city of the anti-Nos antibody as previously shown (Gavis et al., 2008). (C) Extracts from
NA. Quantitation of the blot shows that Nos protein levels are reduced to a lesser extent
Fig. 5. Aub associates with nos mRNA and Rump in vivo. (A) RT-PCR to detect nos or
osk mRNA co-immunoprecipitated from ovaries expressing either GFP alone (G) or
GFP-Aub (A) using anti-GFP antibody. his3.3b serves as a negative control. Total RNA
from the extracts used for immunoprecipitation was used as a positive control for the
RT-PCR reaction. Reactions were performed in the presence (+RT) or absence (−RT) of
reverse transcriptase. (B) Immunoblot of anti-GFP immunoprecipitates from ovaries
expressing either MCP-GFP or GFP-Aub in the absence (−) or presence (+) of RNase.
Duplicate immunoblots were prepared for detection with either anti-Rump or anti-GFP
antibodies. Lanes with extract used for immunoprecipitation (E) contain 1/20 volume
equivalent of the immunoprecipitate sample (IP). (C) Bar graph with results from a
genetic interaction assay for aub and rump. The percentage of embryos developing with
8 or fewer than 8 (≤8) abdominal segments in rump1 embryos (10%, n=185), rump1
embryos heterozygous for aubQC (31%, n=326), rump1 embryos heterozygous for
nosBN (27%, n = 391), or rump1 embryos heterozygous for both aubQC and nosBN (56%,
n=268) was determined from embryonic cuticle preparations. ***Pb0.0001 as
determined by the Chi squared test.
51A.N. Becalska et al. / Developmental Biology 349 (2011) 46–52rump exhibit a weak abdominal segmentation defect, with 10%
developing fewer than 8 abdominal segments (Fig. 5C). Lowering nos
mRNA levels by reducing the nos gene dosage to one copy raises the
sensitivity to localization factor loss, increasing both the frequency
and severity of abdominal segmentation defects. Comparable to
previous results (Jain and Gavis, 2008), 31% of rumpmutant embryosthat are also heterozygous for nosBN develop with fewer than
8 segments (Fig. 5C). Heterozygosity for aub similarly exacerbates
the segmentation defect of rumpmutant embryos, resulting in 27% of
embryos with fewer than 8 segments. Moreover, reducing both nos
and aub gene dosage in rump mutant embryos leads to a further
deﬁcit, with 58% of embryos showing loss of abdominal segments
(Fig. 5C). Together, these genetic and biochemical results, support a
role for Aub as a component of a nos localization RNP complex.
Discussion
Localization of nosmRNA to the posterior of the Drosophila embryo
is critical for patterning of the A–P body axis. Although a cis-acting nos
mRNA localization signal has been identiﬁed, the complement of
trans-acting factors required for assembly of a nos RNP complex
competent for posterior localization has remained elusive. From a
sensitized genetic screen, we have identiﬁed Aub as a novel nosmRNA
localization factor and show that Aub interacts with nosmRNA in vivo.
Importantly, we show that nos localization is affected by aub acting
downstream of oskmRNA localization, implying independent roles for
aub in regulating these two transcripts. Although the role of aub in osk
localization appears to be indirect, through a requirement in oocyte
microtubule organization (Cook et al., 2004; Klattenhoff et al., 2007),
our results suggest that aub plays a more direct role in regulating nos
mRNA.
A decrease in aub activity leads to defects in nosmRNA localization
and, consequently, in patterning of the A–P axis when nos localization
signal redundancy is reduced by removing two localization elements.
A similar behavior is observed in rump mutants, which exhibit only
weak segmentation defects unless redundantly acting elements are
removed from the nos localization signal (Jain and Gavis, 2008).
Presumably, elimination of individual localization signal elements
compromises localization by stripping away the contributions of nos
localization factors with overlapping functions in nos RNP assembly.
Conversely, elimination of multiple nos localization factors should
lead to a more severe defect than elimination of an individual factor.
Consistent with this prediction, decreasing aub gene dosage in rump
mutants also leads to more severe loss of abdominal segments.
In addition to allowing us to uncover a requirement for aub, the
sensitized nos+1+3 background has allowed us to separate the
indirect requirement for aub in osk localization from a more direct
requirement in nos localization. Defects in osk regulation and
abdominal segmentation are only observed when females are
homozygous mutant for aub and not when they are heterozygous.
By contrast, defects in nos+1+3 localization are observed when
females are heterozygotes for aub mutations. Our results are further
supported by previous data showing that the ability of ectopically
expressed Osk to recruit nos mRNA is compromised in aub−/+
embryos (Wilson et al., 1996).
Aub has been implicated in the rasiRNA pathway that silences
retrotransposons in the germline (Kennerdell et al., 2002; Klattenhoff
et al., 2007; Savitsky et al., 2006; Vagin et al., 2004). However,
mutation of squ, which encodes a rasiRNA pathway component that
interacts with Aub (Pane et al., 2007), has no effect on the nos+1+3
transgene. Interestingly, another rasiRNA pathway component, piwi
(Cook et al., 2004), has the opposite effect of aub on the nos+1+3
transgene, as heterozygosity for a piwi mutation results in increased
segmentation in the sensitized background (data not shown).
Mutations that inactivate the rasiRNA pathway, including aub
mutations, activate the DNA damage checkpoint, presumably due to
unsuppressed transposon activity (Chen et al., 2007; Klattenhoff et al.,
2007). Checkpoint activation disrupts microtubule organization
and grk translation, resulting in a failure of axis speciﬁcation that
is thought to lead to subsequent defects in osk mRNA localiza-
tion (Klattenhoff et al., 2007). However, the effect of aub mutation
on nos+1+3 mRNA localization is independent of the DNA damage
52 A.N. Becalska et al. / Developmental Biology 349 (2011) 46–52pathway, providing further evidence that Aub regulates nos indepen-
dently of osk. Moreover, these results indicate that Aub function in nos
localization is distinct from its function in RNA silencing.
Biochemical experiments indicate nos mRNA forms a complex
with Aub in vivo, although whether Aub interacts directly with nos
mRNA, or is recruited to the complex by other proteins that bind
directly to nos, is not yet clear. We have been unable to obtain soluble
recombinant Aub necessary to distinguish between these possibilities.
However, the RNA-dependent co-puriﬁcation of Aub and Rump,
combined with evidence for genetic interactions between aub and
rump further supports the contribution of Aub to the formation and/or
function of a nos localization RNP complex. Whereas Rump is not
concentrated at the posterior of the oocyte, Aub-GFP is localized to the
posterior during midoogenesis and continues to accumulate at the
posterior pole throughout the later stages of oogenesis when nos
becomes localized (Harris and Macdonald, 2001) (data not shown).
Thus, the contributions of Rump and Aub to nos RNP complexes may
be dynamic, with both proteins accompanying nos as it is dispersed
throughout the oocyte during ooplasmic streaming, but only Aub
remaining associated with the nos RNP upon its entrapment at the
posterior. Isolation and characterization of the full complement of nos
localization factors will be essential to dissect the assembly pathway
for nos localization complexes. The isolation of aub in a sensitized
genetic screen validates the use of such an approach, in addition to
biochemical puriﬁcation strategies that proved successful for isolation
of Rump, for achieving this goal.
Supplementary data to this article can be found online at
doi:10.1016/j.ydbio.2010.10.002.
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